Optoelectronic Tweezers as a Tool for Parallel
Single-Cell Manipulation and Stimulation
I. INTRODUCTION

M
UCH of the difficulty in the individual manipulation of microscopic and nanoscopic objects stems from the fact that macroscale objects are used to interface with objects of many orders of magnitude ( ) smaller in scale. As a result, much work has been performed to reduce the size disparity between the manipulation tool and object of interest. These techniques include, amongst others, the use of ultra-small probes (e.g., atomic force microscopy tips [1] ); fixed electrode-based dielectrophoresis [2] , [3] ; and various microfluidic/flow-based techniques [4] . These techniques do not, however, afford the highly selective and dynamic capabilities of optical manipulation platforms. In general, optical manipulation platforms afford the user the ability to create on-demand particle traps in regions only defined by the optical pattern. Therefore, simply by translating the optical pattern, the particle of interest will follow. These virtual electrodes replace the need for physical ones (as in [2] and [3] ) and, thus, greatly simplify fabrication and operation as well as lower device cost as complicated address circuitry is no longer necessary. In a sense, these techniques replace cumbersome, material-based microscale and nanoscale "tweezers" with photonic ones.
The most conventional method of optical manipulation is optical tweezers [5] . Here, a highly focused laser beam creates a large gradient in an optical field, resulting in stable particle trapping at the beam focus. Since the trapping occurs only at the focal point, true 3-D trapping can occur. Particles in scale from cells ( ) to individual molecules (nms) are routinely studied with this technique [6] , [7] . However, due to the large amounts of optical power necessary to create traps of adequate stiffness, large optical intensities are necessary ( [8] ). This makes it difficult to create and control multiple traps on the same device since multiple high-powered lasers and/or holography techniques must be employed [9] . In addition, the high optical powers can be harmful to sensitive objects, such as biological cells [10] , [11] .
Another form of optical manipulation that has been recently employed is that of plasmonic tweezers [12] , [13] . Here, a substrate that consists of an array of nanoscopic objects (e.g., nanoparticles or lithographically defined nanoscale pillars) is illuminated with a laser beam. The small particles on the surface absorb the incident radiation into resonant plasmonic modes. Due to the tight spacing of the nanoparticles on the surface, the plasmonic modes of the particles are coupled to one another, resulting in very large and localized electric fields. The localization of these fields establishes large electric-field gradients, which cause particles in the general area to polarize and experience a dielectrophoretic force. Thus, wherever the laser illuminates the device, the electric-field gradients are produced and particle traps are created. While this technique uses lower optical intensity than optical tweezers ( [13] ), the required intensity is still significant, requiring high-power lasers and making parallelization difficult. In addition, the conversion of plasmonic energy into heat is also an area of concern with this device, especially for biological applications. This plasmonic heating effect is exploited in other applications, such as the intracellular delivery of RNA interference plasmids [14] . Finally, due to the highly textured plasmonic substrate, observation of particle movement using dark-field microscopy is difficult.
The final method of optical manipulation, optoelectronic tweezers (OET), removes the restriction of high optical intensities imposed by the other techniques [15] . By using a photosensitive substrate and an externally applied electrical bias, incident light creates localized regions of high conductivity (in the photosensitive substrate) resulting in the creation of large electric-field gradients. Therefore, particles in the illuminated region will experience a dielectrophoretic force. Due to the conversion of optical field to electrical field, very low ( ) optical powers are necessary to apply the same level of forces as optical tweezers (tens to 100 s of pN) to the particles of interest. This means that a standard data projector, or spatial light modulator (SLM), can be used for manipulation. Thousands of simultaneous traps can be created on demand for the massively parallel manipulation of single particles. Another benefit of low optical intensity is that sensitive objects, such as cells, are not adversely affected by the incident light energy making OET an ideal platform for biological applications [16] . In addition, it should be noted that the conductivity of the liquid layer plays an important role in device operation. The conductivity of the liquid must fall between the light and dark conductivity of the photosensitive layer. For example, if the liquid conductivity is too high, an insufficiently small field will be switched to the liquid when illuminated and DEP actuation cannot occur. For the devices presented here, this typically limits the liquid conductivity to 100 mS/m. For applications requiring operation in a highly conductive environment (e.g., cell culture media), we have developed a different structure utilizing phototransistors instead of photoconductors to effectively switch the field to the highly conductive liquid [17] .
In addition, OET is easily integrated with other technologies to perform single-cell movement, observation, and stimulation. Here, we demonstrate three separate devices integrated with OET to: electroporate/lyse cells using a conventional microelectrode approach, selectively lyse cells using a device known as lateral-field optoelectronic tweezers (LOET) [18] , and electroporate cells by using a recently reported light-induced technique. Each case study illustrates the ability to combine OET with a relevant scientific biological application.
II. OPTOELECTRONIC TWEEZERS MODALITIES
The physical mechanism of OET involves the creation of localized electric-field gradients on demand with low-intensity optical energy. The geometry and method of formation of these fields depends on device layout. Here, we will describe two different OET devices (used in the following experimental section). The first, vertical-field optoelectronic tweezers (OET), orients the field perpendicular to the device surface. The second, lateral-field optoelectronic tweezers (LOET), aligns the field parallel to the device surface. The use of either one depends on the application and requirements of the user.
A. Vertical-Field Optoelectronic Tweezers (OET)
The layout of the OET device is depicted in Fig. 1(a) . The top and bottom substrates consist of a commercially available glass substrate coated with a 300-nm layer of sputtered indium tin oxide (ITO) (thin-film devices). The bottom substrate is coated with a featureless 1-m layer of hydrogenated amorphous silicon (a-Si:H) deposited via plasma-enhanced chemical vapor deposition (PECVD) (100 sccm 10%
:Ar, 400 sccm Ar, 900 mTorr, 350 , 200 W).
A solution containing the particles of interest is then placed between the top and bottom substrates, which are separated by a 100-m layer of double-sided tape. An electrical bias is then applied between ITO layers on the top and bottom substrates. Note that the applied field is perpendicular to the device substrate (i.e., vertical).
In the absence of light, most of the electric field exists in the highly resistive a-Si:H layer. Upon illumination, the incident light energy is absorbed by the a-Si:H, resulting in the creation of electron-hole pairs. This increases the conductivity of the a-Si:H by many orders of magnitude (100-1000 ) and switches the electric field from the a-Si:H to the liquid layer in the illuminated areas [ Fig. 1(a) ]. Due to the localization of the light pattern, the resulting electric fields in the liquid are also localized, resulting in the formation of large electric-field gradients. Thus, the particles near the illuminated area are subjected to these field gradients and feel a dielectrophoretic force.
B. Lateral-Field Optoelectronic Tweezers (LOET)
In LOET, the field is oriented parallel to the device substrate (i.e., laterally). This is accomplished by patterning a set of interdigitated electrodes consisting of a stack of ITO and a-Si:H [ Fig. 1(b) ]. The device fabrication is identical to the normal OET device described previously. However, there is an additional processing step following the PECVD a-Si:H deposition during which the interdigitated electrodes are defined. This is accomplished by first patterning and etching the a-Si:H in a plasma etcher (66 sccm 90% /10% , 100 W, 80 mTorr) and subsequent wet etching of the ITO (38% HCl).
A solution containing the particles to be actuated is then sandwiched between the LOET substrate and an arbitrary top substrate separated by a 100-m layer of double-sided tape. It is important to note that the LOET device does not require an electrically conductive top substrate such as the normal OET device. Electrical bias is applied across the two interdigitated electrodes. In the absence of light, most of the electric field exists in the a-Si:H and not in the liquid layer. However, when illuminated, the conductivity of the a-Si:H increases dramatically and results in the field being switched from the a-Si:H to the liquid volume between the electrodes in the illuminated region [ Fig. 1(b) ]. As before, particles near the illuminated region respond to the light-induced electric-field gradients via dielectrophoresis.
One of the major benefits of the LOET is the fact that a conductive top substrate (which is required for the original OET device) is no longer necessary. This allows straightforward integration of the LOET device with microfluidic channels. However, if the size of the particle is too small relative to the width and spacing of the electrode fingers, movement is restricted to only one lateral dimension (as opposed to the traditional OET device where movement is in both lateral dimensions). This is because if the electrode or gap between adjacent electrodes is too wide compared to the particle, the field gradients induced in adjacent gaps will be too weak to affect the particle. Therefore, one must take into consideration the particle size when designing the LOET device.
III. EXPERIMENTAL PROTOCOL
A. Experimental Setup
The experimental setup is depicted in Fig. 2 . The custombuilt setup consists of a 20 objective mounted above the sample. The optical patterns used for manipulation and electroporation are generated on a PC and focused on the substrate via a commercially available spatial light modulator/projector (SLM) (Dell 2400MP) and dichroic filter. Bright field and fluorescence illumination is provided via a metal halide lamp (EXFO, XCite 120) coupled with a series of filters/dichroics specific to the fluorophore under investigation (Chroma Technology). Viewing occurs through a topside CCD camera (Sony, XCD-X710CR). Finally, electrical bias (0-10 kV/cm, 100 kHz) is provided with a standard function generator (Agilent 33220A). 
B. Cell Preparation
HeLa cells at a concentration of 2 were washed three times and suspended in a commercially available electroporation buffer (Cytopulse Sciences, Cytoporation Media T, 10 mS/m). Propidium iodide (PI) dye (Invitrogen) was then added to the solution at a concentration of 2 M to monitor cell lysing and electroporation. PI is a membrane-impermeable dye which has low auto fluorescence. However, in the presence of DNA, the dye will bind to the nucleic acids and, as a result, strongly fluoresce red. Therefore, PI is an accurate indicator of cellular membrane perforation.
IV. APPLICATIONS OF OET FOR CELL MANIPULATION AND STIMULATION
Two techniques that are of interest for integration onto lab-on-a-chip technologies are electroporation and lysis. Here, we demonstrate three device geometries, integrated with OET, to effect parallel, single-cell electroporation, and/or lysis. The three geometries are shown in Fig. 3 and are discussed in detail.
Electroporation is a common technique for the introduction of exogenous molecules across the otherwise impermeable cell membrane. It is commonly used for applications ranging from genetic transfection to the study of cell-to-cell signaling. Temporary permeation of the cellular membrane is achieved in electroporation by subjecting the cell to an external electric field.
If the field strength is large enough, it causes a temporary depolarization of the cell's bi-lipid membrane. This results in the formation of pores, which allow molecules in the extra-cellular space to pass across the otherwise impermeable membrane. The size of these pores is greatly dependant on field strength. If the field is too strong, the pores will not reseal, resulting in cell death and/or cell lysis. However, if the field is properly controlled, the pores can reseal resulting in reversible electroporation. Conventional commercial techniques, such as cell lysis, are limited by either low throughput or low selectivity. Much work has been done to create microscale poration chips to alleviate these issues. Techniques for microporation platforms typically include microelectrode [19] , physical field constriction [20] , optoporation [21] , chemical [22] , and microinjection [23] .
Controlled cell lysis is routinely used for the extraction of intracellular contents, such as DNA and proteins. There are a multitude of techniques used for lysis including chemical [24] , mechanical [25] , thermal [26] , optical [27] , and electrical [28] . These techniques are limited by either low throughput (optical) or limited selectivity (chemical, thermal, electrical, mechanical). The electrical method of cell lysis is simply electroporation at very high fields so that the induced pores do not reseal and intracellular contents are released into the surrounding medium.
A. Microelectrode-Based Electroporation/Lysis With OET
Electroporation/lysis with microelectrodes is one of the simplest techniques wherein individually addressable microelectrodes are patterned onto the device substrate and subject cells to controlled electric-field doses. Since selectivity will scale with electrode number, the complexity and cost of the device increases substantially if one wants to achieve true single-cell accuracy (i.e., a large number of electrodes will require multiple metal layers with a need for on-chip addressing and decoding). A more ideal approach would be to have a small number of electrodes that form electroporation sites for individual cells and then use a technique such as OET to bring the cells of interest to the electroporation sites. By combining OET's ability to select and manipulate individual cells with microelectrodes, high selectivity can be achieved with far fewer electrodes [ Fig. 3(a) ].
A simple two-mask process was used to integrate the microelectrodes onto the traditional vertical-field OET. The OET device was fabricated as described previously. The electrodes were defined via a liftoff process using a 10-nm/60-nm layer of evaporated Cr/Au. Isolation of the electrodes was then achieved by patterning another layer of photoresist on top of the electrode leads.
In order to demonstrate the capabilities of integrating OET with the microelectrodes for single-cell electroporation/lysis, we place a population of suspended cells onto the integrated device. We then select a single cell with OET and move it from the general population to the region between the two electrodes (5 Vppk, 100 kHz). This process can be seen in Fig. 4 . One can see that in panel 4, the cell is located directly between the two Au electrodes and is awaiting the electroporation bias.
Next, we apply the electroporation bias between the two gold electrode leads (6 Vppk, 3 VDC, 100 kHz, 1 ms). After the bias is applied, the cell's membrane is permeated allowing the PI dye to enter the cell. Fig. 5 shows the results of this experiment where the cell fluoresces strongly red [ Fig. 5(d) ] after the bias pulse is applied, demonstrating successful membrane poration. It should be noted that when the microelectrode is biased, the cell between the electrodes experiences a DEP force which causes it to be attracted to the metal electrode (Fig. 5) . Often, the cell is then permanently adhered to the metal surface, making subsequent movement with OET impossible. This could be eliminated by designing a physical barrier between the cell and metal electrode.
B. Use of LOET for Parallel Single-Cell Lysis
Recently, a technique using OET was developed to affect in-situ single-cell lysis [29] . While interesting, the authors use very large optical powers ( ), which requires the use of a laser instead of a standard data projector. This makes it difficult to achieve parallel lysing. Here, we use the LOET device along with a standard data projector (intensity of ) to lyse individual cells in-situ in a parallel process [ Fig. 3(b) ]. While we use the LOET device here to lyse individual cells, it can also be used for DEP manipulation of the cells without lysing them. This is achieved simply by reducing the applied electrical bias so that the electric field the cells experience is below the critical lysing field. The dielectrophoretic movement of individual silicon nanowires and polystyrene beads has been demonstrated by using this technique [18] , [30] . As discussed before, one caveat to DEP movement in the LOET device is that if full 2-D translation is required, the interdigitated electrode spacing must be smaller than the particle of interest. This means that different electrode spacings are required for different size particle manipulation. In addition, since the LOET device has an arbitrary top substrate, microfluidic channels using existing technology (e.g., PDMS) are easily integrated onto the device to extract the lysed material.
HeLa cells suspended in a solution containing PI were placed in an LOET device with an electrode spacing of 5 m and an electrode width of 7 m. A bias of 10 Vppk, 100 kHz, was applied to the device corresponding to a field strength of kV/cm. Typically, an HeLa cell will reversibly electroporate at a threshold field around 1.5 kV/cm and will lyse at a field around 2.2 kV/cm [19] . This field is far above this threshold and will result in adequate lysing. However, without illumination, none of the cells will experience the applied electric field as it is screened by the highly resistive a-Si:H. Yet, when the cells are illuminated with light from the projector, the field is switched to the gap between the two LOET electrodes and illuminated cells will experience the lysing field. Fig. 6 demonstrates an example of this technique. Initially, a population of cells on the biased LOET device are in the absence of light [ Fig. 6(a) ]. The corresponding fluorescent image shows no PI fluorescence indicating that the cellular membrane is still intact [ Fig. 6(c) ]. The three cells in the dotted box are then illuminated. In the resulting bright field image, one can see the morphological change undertaken by the lysed cells [ Fig. 6(b) ]. The corresponding fluorescent image shows that each illuminated cell now fluoresces red, indicating membrane poration [ Fig. 6(d) ]. The fluorescence in the image is weak owing to the fact that the fluorescent molecules (i.e., DNA) are no longer contained by the cell membrane and are free to diffuse.
For most lysis applications, the contents of the lysed cell need to be collected for analysis. This is greatly facilitated by the use of on-chip microfluidic channels. Since the LOET is independent of the top substrate, it is quite straightforward to integrate channels (e.g., PDMS based) onto the device to extract lysed material.
C. Electrodeless Light-Induced Electroporation With OET
The last application of OET for cellular stimulation we will discuss is the use of OET for a recently reported electroporation technique called light-induced electroporation [31] . Here, we use the ability of the OET device to concentrate the electric field across an illuminated cell to electroporate individual cells in parallel [ Fig. 3(c) ]. This is achieved by a simple change in device bias. The technique seamlessly integrates with normal OET operation, allowing for parallel, single-cell electroporation and manipulation.
Upon light illumination in the OET device, the electric field is switched from the a-Si:H to the liquid layer. The electric field is concentrated in the liquid layer only in the illuminated regions. Therefore, if a cell is illuminated, the electric field is concentrated across it. Under normal OET operating conditions (0.2 kV/cm), the field is not strong enough to cause membrane poration. However, if the bias is altered so that the field the cell experiences exceeds approximately 1.5 kV/cm, the cell will porate. Thus, through a simple change in device bias, cells can be either manipulated or electroporated in parallel.
An example of this is shown in Fig. 7 . (Adapted from [31] ). Cells are initially arrayed into a 2 2 array at a low bias (0.2 kV/cm) [ Fig. 7(a) ]. The corresponding fluorescent image [ Fig. 7(d) ] shows no dye uptake indicating that manipulation in OET does not cause membrane poration. In the middle panel, two cells are selected and subjected to a field of 1.5 kV/cm [ Fig. 7(b) ]. The subsequent fluorescent [ Fig. 7 (e)] image shows that only those cells illuminated are electroporated. In the final panel, the remaining two cells are illuminated and subjected to the electroporation bias [ Fig. 7(c) ], resulting in the fluorescence of all four cells [ Fig. 7(f) ]. This demonstrates the ability of OET to perform parallel, single-cell electroporation and manipulation.
V. DISCUSSION
Each of the three devices presented here has a variety of pros and cons associated with it depending on the user's application and requirements.
The first device, consisting of OET integrated with microelectrodes, can achieve cell lysis and electroporation easily through the use of offchip electronics. By using OET to bring cells of interest to the electroporation/lysis site, fewer electrodes are necessary to achieve single-cell resolution which reduces device complexity and cost. In addition, since it uses normal OET, it affords full 2-D movement capabilities regardless of particle size (compared to the LOET where electrode size and spacing must be tuned to particle size). However, this device has a variety of cons. First, it requires a separate bias source for cellular stimulation and the device fabrication is more involved. Also, cells must be transported to the electrical stimulation area and cannot be porated/lysed in-situ. In addition, upon stimulation, cells are attracted to the exposed metal (via DEP) and often become so well adhered to the electrode that subsequent movement of the cell is difficult. This is a major issue for applications involving electroporation where the cell must be later extracted for culturing/analysis. This issue can be combated by altering electrode/cell interface by introducing barriers between the cell and electrode. Finally, due to the fact that this technique uses OET, the top substrate must be conductive and this makes integration with onboard fluidics for extraction of lysed material/cells more difficult. However, a basic process has been developed to integrate channels on to the traditional OET device by involving the lithographic patterning of SU-8 to define channel sidewalls on the OET bottom substrate and subsequent bonding of the top substrate by using a UV-curable epoxy [31] . This process allows one to use arbitrary top and bottom substrates; however, it is considerably more complex than traditional methods (e.g., PDMS based).
The second device discussed involves the use of LOET to affect single-cell lysis. The major benefit of this device is its ability to easily integrate with fluidic channels as no constraint is placed on the type of substrate required for the topside device. This is ideal for lysis applications where the lysate needs to be extracted for further analysis. In addition, unlike the first device, cells can be lysed in-situ so long as the electrode spacing is small enough. Another benefit is that the voltage necessary to achieve the lysis field ( kV/cm) is smaller ( ) than that required to achieve the same field in the normal OET device. This is because the electrodes in the LOET device ( ) can be spaced much closer together than in the OET device ( ). This is because, in the OET device, the electrode spacing is equal to the gap spacing which must be at least as large as the diameter of the cell being studied ( ). Finally, unlike the first device, no additional electronic bias sources are necessary since the lysing field comes from the original LOET device bias. The issues with this device are that the LOET fabrication process is more complicated than the traditional OET device. In addition, if one wants to achieve full 2-D movement capability, the electrode spacing must be carefully designed to the particle size. This means that if one wants to manipulate/lyse cells of largely varying sizes, different devices/different electrode spacing must be used.
The final device involves the use of conventional OET to cause the electroporation of cells through a simple change in device bias. This device is the simplest of all three since there is no additional processing involved past the a-Si:H deposition and, like the LOET device, only one electrical bias source is needed. Also, like LOET, cells can be electroporated in-situ. In addition, full 2-D movement capability requires no special design considerations (unlike the LOET device). A drawback of this approach is that the applied electroporation/lysing voltage is higher than that required by the other devices by . As explained previously, this is because the electrode spacing in OET is dictated by the chamber gap which must be large enough to accommodate the cell diameter. Another issue, as discussed before, is that integration with fluidics is more involved than with the LOET device due to the reliance on a conductive top substrate. However, as mentioned before, processes do exist for the integration of channels with the OET device.
VI. CONCLUSION
Optoelectronic tweezers provides an interesting and powerful platform for parallel, single-cell manipulation. OET is ideal for this application as the optical power necessary for actuation is many orders of magnitude ( ) less than that required by other optical manipulation techniques. The future of this device will be its integration with other lab-on-chip technologies. We have presented three devices to achieve parallel, single-cell lysis and/or electroporation with full OET/LOET manipulation capability. Each device has a variety of attributes which correspond to the user's specific needs. These simple demonstrations realize the ability to integrate OET with other technologies in pursuit of a system capable of true parallel, single-cell manipulation and stimulation. 
